INTRODUCTION
Alcohol addiction is a devastating and widespread social and medical problem influenced by both genetic and environmental factors (Devor and Cloninger, 1989; Enoch and Goldman, 1999; Schuckit, 2000) . Despite extensive efforts, the conclusive molecular identification of its genetic risk factors has met with limited success. Part of the difficulty arises from the fact that the genetic risk factors are complex and heterogeneous and that overall assessment of the ''alcoholic phenotype'' is based on a broad set of characteristics that are likely under different genetic regulation (Cloninger, 1987) . For this reason, some studies have focused on more discrete and measurable phenotypes that are commonly associated with alcohol addiction, such as the ''level of response'' to a specific ethanol dose delivered in a laboratory. Multiple studies have found that a reduced response to the acute intoxicating effects of ethanol is correlated with an increased risk for alcoholism (Schuckit et al., 2004) . Similar observations have been made in rodent models: Genetic manipulations that cause a reduced response to the sedating effects of ethanol also commonly lead to increased ethanol self-administration (Thiele et al., 1998) , and vice versa (Hodge et al., 1999) . Therefore, studying the genetic factors contributing to a relatively simple response to ethanol should in turn provide valuable clues about the more complex process of addiction.
Drosophila melanogaster has been developed as a useful model system to define molecules and signaling pathways mediating the acute intoxicating effects of ethanol (Guarnieri and Heberlein, 2003) . Behaviors induced by acute exposure in Drosophila are very similar to those observed in mammals: Low ethanol doses induce a state of increased activity, while higher doses are sedating Parr et al., 2001; Wolf et al., 2002) . Moreover, homologous genes have been implicated in these responses in both flies and mice, including the regulatory subunit of protein kinase A (Park et al., 2000; Thiele et al., 2000) , calcium/calmodulin-sensitive adenylate cyclases (Moore et al., 1998; Maas et al., 2005) , and neuropeptide Y (Thiele et al., 2004; Wen et al., 2005) . Therefore, unbiased genetic screens for Drosophila mutants with altered responses to the acute intoxicating effects of ethanol will likely identify valuable candidate genes to be studied in mammalian models and humans. Here we describe the characterization of mutations in the Drosophila RhoGAP18B gene, isolated due to their strong resistance to the sedating effects of ethanol.
Small GTPases of the Rho family act as molecular switches transducing extracellular signals to changes in the actin cytoskeleton (Etienne-Manneville and Hall, 2002; Meyer and Feldman, 2002) , playing important roles in regulating nervous-system development and its mature plasticity (Bonhoeffer and Yuste, 2002; Luo, 2002; Sin et al., 2002; Carlisle and Kennedy, 2005) . The activity of Rho GTPases is regulated positively by guanine nucleotide exchange factors (GEFs) and negatively by GTPase-activating proteins (GAPs). In the Drosophila nervous system, these proteins have been implicated in neuroblast proliferation; axon guidance, growth, and branching; and dendrite morphogenesis (Lee et al., 2000 HakedaSuzuki et al., 2002; Scott et al., 2003; Ng et al., 2002) . While mutations in the GTPases cause severe pleiotropic defects (Lee et al., 2000) , mutations affecting GAPs or GEFs result in more restricted phenotypes (Billuart et al., 2001; Lundstrom et al., 2004) . This is probably due to the fact that the activity of Rho GTPases is regulated by a large number of GEFs and GAPs (Johndrow et al., 2004) . The specificity of Rho GTPase activity is thus likely imparted by the specific regulatory GEFs and/or GAPs.
The RhoGAP18B locus encodes four transcripts, RA-RD, which in turn are predicted to encode three proteins that share only the conserved GAP domain. We show that distinct RhoGAP18B isoforms mediate different aspects of the flies' response to ethanol: hyperactivity and sedation. These distinct behavioral effects are mediated by RhoGAP18B function in the same subset of adult CNS neurons. Thus, different protein isoforms encoded by a single gene can function in the same group of cells to regulate distinct behavioral outputs.
RESULTS
white rabbit Mutants Show Resistance to Ethanol-Induced Sedation When exposed to a relatively high concentration of ethanol vapor, flies initially display a period of increased locomotor activity, which is followed by sedation ( Figure 1A ). These changes in behavior can be monitored with a locomotor tracking system, which determines the velocity of movement (Wolf et al., 2002) , and a loss-of-righting (LOR) test, which quantifies the degree of sedation. To identify genes involved in the behavioral response to ethanol, we screened a collection of strains carrying P element insertions for alterations in ethanol-induced locomotor behavior. We isolated multiple mutants carrying insertions in an X-linked gene that we named white rabbit (whir) for its diverse role in regulating responses to abused drugs as described in the song ''White Rabbit'' by Jefferson Airplane. whir mutants showed resistance to ethanolinduced sedation measured with either the locomotor tracking system ( Figure 1A ) or the LOR test ( Figure 1B ). All whir alleles tested were recessive and failed to complement each other in the LOR assay ( Figure 1C) .
Ethanol absorption was normal in whir flies (see the Supplemental Data available with this article online). In addition, the mutant flies performed normally in various other behavioral assays, including those measuring sensitivity to CO 2 -induced sedation, nicotine toxicity, spontaneous locomotion, circadian rhythms, and negative geotaxis ( Figure S1 ). However, whir mutant flies also showed increased resistance to the acute effects of nicotine and cocaine ( Figure S2 ). In addition, the strongest allele, whir 3 , showed reduced viability (of the stock; individual flies surviving through development appeared normal), while the whir 1 and whir 2 alleles were fully viable.
white rabbit Mutants Disrupt RhoGAP18B
The behavioral phenotype of whir mutants segregated with the P element insertion after five generations of outcrossing to wild-type strains. In addition, multiple precise excision strains generated from both whir 1 and whir 3 showed wild-type behavior ( Figure 1B ), confirming that the P element insertions were responsible for the behavioral defects. Inverse PCR and DNA sequence analysis of the whir 1 and whir 2 alleles revealed that the P elements were inserted in the open reading frame (ORF) of CG7502 (hatched exons in Figure 2A ), a gene predicted by the Berkeley Drosophila Genome Project to be located within an intron of the RhoGAP18B gene. However, CG7502 is in fact part of RhoGAP18B since sequencing of two cDNAs (corresponding to ESTs RE42510 and SD23384) containing the 5 0 end of CG7502 revealed that they also contained downstream exons of RhoGAP18B. The existence of this transcript, RD, was confirmed by northern blots and RT-PCR using mRNA isolated from adult fly heads and bodies (data not shown). We also used RT-PCR analysis and cDNA sequencing to confirm the existence of the RhoGAP18B RA transcript (Figures 2A and 2C ). Finally, we were unable to detect transcripts encompassing the first exon of RA and any of the predicted CG7502 exons, indicating that RhoGAP18B is transcribed from at least two promoters separated by approximately 11 kb.
Extensive additional transcript analysis revealed the existence of four RhoGAP18B transcripts: the originally predicted (and now confirmed) RA transcript; a splice variant RB, which lacks 519 bases in the 5 0 UTR of RA; and two additional transcripts, RC and RD, which contain sequences originally ascribed to CG7502, in addition to RhoGAP18B. The three predicted proteins, RhoGAP18B-PA, -PC, and -PD, share the Rho-family GAP domain, which is encoded in the last two exons, but they differ extensively in their N termini ( Figure S3 ). The function of these different predicted RhoGAP18B proteins is likely important, as their presence and sequence is highly conserved in Drosophila pseudoobscura ( Figure S3 ), a species that diverged from Drosophila melanogaster approximately 30 million years ago.
Loss of RC Transcript Correlates with Ethanol Resistance
The P elements in whir 1 and whir 2 are inserted 5 0 of the RD transcription start site, in the ORF of the RC transcript. In whir 1 mutant flies, the 5.5 kb RC transcript was undetectable, while the 3.9 kb RD transcript was still present ( Figure 2B ). Because the abundance of the 2.1 kb RA transcript was very low in adult head extracts ( Figure 2B ), we designed specific primer pairs for quantitative RT-PCR analysis of the RA, RC, and RC+RD transcripts (RD overlaps completely with RC; these transcripts cannot be distinguished by RT-PCR) in adult head RNA. A large reduction of RA and RC was observed in whir 1 flies ( Figure 2C ), suggesting that a deficit in either or both of these transcripts may cause the observed ethanol-resistance phenotype. To distinguish these possibilities, we generated a mutant, whir DRC , that specifically disrupts the RC transcript by imprecise excision of the whir 1 P element.
This mutant contains a 625 bp deletion in the first RC exon (Figure 2A ), which is predicted to cause an early termination of the RC ORF. whir DRC flies contain normal levels of RA, RC, and RC+RD transcripts ( Figure 2C ), and the only difference from wild-type is a shortened RC transcript (as expected from the genomic DNA deletion; Figure 2D) Figure 3A ). The same result was obtained for fulllength RhoGAP18B-PA, encoded by the RA transcript (data not shown); full-length PC protein was insoluble and therefore could not be tested. These data show that RhoGAP18B encodes proteins with GAP activity.
Involvement of Rho-type GTPases in Ethanol-Induced Sedation
The loss of RhoGAP18B-PC function in whir mutant flies is expected to cause excessive activity of one or more small GTPases of the Rho superfamily. If this is indeed the case, reducing the levels of these GTPases should suppress the Figure 3B ), although this effect was sensitive to genetic background (see Experimental Procedures). These data suggest that RhoGAP18B functions through Rho1 and/or possibly Rac to control ethanol-induced sedation.
To further investigate the involvement of the Rho-type GTPases in ethanol-induced behavior, we expressed transgenes encoding dominant-negative or constitutively active versions of these proteins (Luo et al., 1994) in flies using the GAL4/UAS system (Brand et al., 1994) . Spatial restriction was achieved with the whir 3 enhancer-trap allele, which drives GAL4 expression in functionally relevant brain regions (see below); adult-onset expression of transgenes was achieved with the TARGET system (McGuire et al., 2004) . Expression of constitutively active Rac1 or Rho1 transgenes, a condition expected to mimic RhoGAP loss of function, caused ethanol-resistance ( Figure 3C ). The opposite phenotype, enhanced ethanol sensitivity, was observed upon expression of the dominant-negative Rac1 transgene (an equivalent Rho transgene was not available). In contrast, expression of the activated Cdc42 transgene led to enhanced sensitivity, while expression of the dominant-negative transgene caused a tendency toward resistance. The fact that expression of overactive Rho1 or Rac1, but not Cdc42, phenocopies the whir lossof-function phenotype suggests that RhoGAP18B-PC acts through Rho1 and/or Rac GTPases, rather than Cdc42, to affect ethanol-induced sedation. These data are also in agreement with the genetic interactions observed between mutations in whir and Rho/Rac ( Figure 3B ).
white rabbit Is Expressed in the Adult Nervous System Several strains carrying P element insertions in Rho-GAP18B are GawB enhancer traps, in which the transcriptional activator GAL4 is expressed in cells likely to express endogenous RhoGAP18B. To examine this expression pattern, we generated flies that, in addition to a whir GawB insertion, carried a UAS-GFP reporter. GFP expression was analyzed in females heterozygous for the particular whir insertion (whir/+;UAS-GFP). Because these females showed normal ethanol sensitivity ( Figure 1C ), we expected them to recapitulate the expression of RhoGAP18B in wild-type flies. Expression of GAL4 was largely limited to the nervous system. In the adult brain, whir 3 -driven expression was observed in the mushroom bodies, pars intercerebralis neurons, parts of the central complex (including the ellipsoid and fan-shaped bodies), some lateral neurons, a few olfactory projection neurons (arborizing on the DA1 and DM3 glomeruli), and unidentified neurons in the subesophageal ganglion ( Figure 4A ).
Seven of eight GawB lines tested, including whir 1 and whir 3 , drove reporter-gene expression in essentially identical patterns (data not shown); whir 3 , however, drove the highest level of expression and was therefore used for behavioral rescue experiments (see below).
To analyze the brain anatomy of whir mutant flies, we compared GFP reporter-gene expression in phenotypically A) Amounts of inorganic phosphate produced by GTP hydrolysis. Purified fusion protein comprising the GAP domain from RhoGAP18B stimulated the GTPase activity of human Cdc42 and Rac1, but not RhoA (or the negative control Ras). The positive control p50 RhoGAP (aka ArhGAP1) stimulated GTPase activity of all three Rho-type GTPases, as previously described (Lancaster et al., 1994) . White bars (À) denote the intrinsic GTPase activity upon addition of purified bacterial GST lysate lacking GAP. (B) Heterozygosity for Rho1 or all three Rac genes suppressed the ethanol resistance of whir 1 . LOR was ascertained after 21 min of exposure to ethanol vapor (100/50 E/A). Strong loss-of-function alleles of Rhotype GTPases are denoted by R*. The loss of one copy of Rho1, with Df Rho1 or Rho1 k021 , significantly suppressed the ethanol resistance of whir 1 (**p < 0.01, t = 5.0; *p < 0.02, t = 3.3; t test, n = 4 experiments).
The genetic interaction with Rac was less clear. Simultaneous loss of function of one copy each of the three Rac genes (Rac1, Rac2, and Mtl) showed suppression of the whir 1 phenotype that was dependent on the mutant strain used (see Experimental Procedures).
(C) Adult expression of dominant-negative (DN) or constitutively active (CA) forms of Rho-type GTPases affects ethanol sensitivity. Activated Rho1 led to resistance (p < 0.01, t = 5.5, n = 5-8), as did activated Rac1 (p < 0.01, t = 3.7, n = 6-7), while dominant-negative Rac1 resulted in ethanol sensitivity (p < 0.01, t = 3.6, n = 6-7). Cdc42 had the opposite effect, leading to sensitivity in the activated form (p < 0.01, t = 6.0, n = 6-7) and a tendency toward resistance in the dominant-negative form that was not statistically significant (p = 0.07, t = 2.0, n = 6-8). LOR after exposure to ethanol (120/30 E/A) was measured after 31 min for Rac and Cdc42 and after 21 min for Rho1 since the latter was in a different, and more sensitive, genetic background. Since developmental expression of the UAS-GTPase transgenes resulted in lethality, we expressed all transgenes in adults only utilizing the whir 3 -GAL4 driver and Figures 4A and 4B ). All brain structures expressing GFP in wild-type flies were found to be present and apparently normal in mutant flies, although GFP expression in the subesophageal ganglion was in general higher in wild-type. The defective behavioral response to ethanol displayed by whir flies is therefore not caused by gross structural alterations of the nervous system, although we cannot rule out more subtle structural defects. (Figures 5A and 5B ). This behavioral rescue by RC expression was manifested as a reduction in the time required for 50% of the flies to reach sedation (ST 50 ; Figure 5B ). Expression of the UAS-RC transgene in phenotypically wild-type, heterozygous females (whir 3 /+;UAS-RC) had no effect ( Figures 5A and 5B ).
Expression of
In addition to restoring nearly normal ethanol sedation to whir 3 mutants, RC expression also increased the viability of the whir 3 stock from 31% to 83% (n > 150 for each class, p < 0.001, chi-square test). Expression of RC in the fully viable whir 1 mutant (whir 1 ;UAS-RC) similarly ameliorated the ethanol-resistance phenotype of this allele ( Figure S4A ). The phenotypic rescue was, however, incomplete, probably due to the fact that expression of GAL4 (and thus RC) in whir 1 flies is lower than that achieved in whir 3 flies (data not shown).
These data confirm that loss of the RC transcript is responsible for the ethanol resistance of whir mutant flies and show that the sites of whir 3 enhancer-trap expression ( Figure 4A ) reflect regions where RhoGAP18B-RC functions to regulate sensitivity to the sedating effect of ethanol.
Expression of RhoGAP18B-RC in the Adult Fly Is Necessary and Sufficient for Normal Ethanol-Induced Sedation To determine whether expression of RhoGAP18B-RC is required during development or in the adult fly to regulate ethanol-induced sedation, we used the TARGET system to regulate RC expression temporally (McGuire et al., 2004) . Using this system, the activity of GAL4 is suppressed by a temperature-sensitive GAL80 at the permissive temperature (16 C), but not the restrictive (25 or 29 C) temperature. We first asked whether RhoGAP18B-RC expression in adult flies is sufficient to confer normal ethanol-induced sedation to whir 3 flies. We therefore raised the ''experi- indistinguishable from that of the ''wild-type control'' group ( Figure 5C ). Thus, RhoGAP18B-RC expression solely in adulthood is sufficient for flies to respond normally to the sedating effects of ethanol. We next asked whether adult expression of RhoGAP18-RC is necessary to confer normal ethanol-induced sedation. Flies of the three groups described above were raised at 25 C (to allow expression of UAS transgenes) and then placed at 16 C for 3 days prior to behavioral testing. We observed that developmental expression of RC failed to rescue the whir 3 phenotype ( Figure 5D ). Curiously, adultspecific shutdown of RC expression in the ''experimental'' were also included in this experiment and showed no difference from either of the whir 3 /+ female control groups. (C) ST 50 of whir 3 flies with adult-limited expression of RC or RA cDNAs. All four groups, each carrying the Tub-GAL80 ts transgene, were raised at 16 C until adulthood (to suppress UAS transgene expression) and then shifted to 29 C for 3 days (to allow UAS transgene expression) prior to behavioral testing. Adult RC expression completely rescued the sedation resistance of whir 3 males: The ST 50 of whir 3 ,GAL80 ts ;UAS-RC ''rescued'' males is significantly lower than that of phenotypically mutant whir 3 ,GAL80 ts ;UAS-GFP males (p < 0.001, t = 12, t test, n = 6 experiments) and indistinguishable from that of ''wild-type'' whir 3 /+,GAL80 ts ;UAS-GFP heterozygous females. In contrast, adult expression of the RA cDNA had no significant effect:
Compare mutant whir 3 ,GAL80 ts ;UAS-GFP males with RA-expressing whir 3 ,GAL80 ts ;UAS-RA males (p > 0.14, t = 1.8, t test, n = 3-6 experiments).
(D) ST 50 of whir 3 ,GAL80 ts mutant flies in which RC expression was limited to development. Flies were grown at 25 C (a temperature that produces sufficient transgene expression for phenotypic rescue; data not shown) until adulthood and then shifted to 16 C (to shut off transgene expression) for 3 days prior to behavioral testing. The sedation resistance of ''mutant'' whir 3 flies (whir 3 ,GAL80 ts ;UAS-GFP) was not significantly rescued by RC expression (in whir 3 ,GAL80 ts ;UAS-RC flies), but was actually enhanced (*p < 0.001, t = 5.2, t test, n = 6). Note that the sedation resistance of whir 3 mutant males compared to phenotypically wild-type females is less pronounced when the flies are kept at 16 C prior to testing (but still significant; p < 0.001, t = 5.1, t test, n = 6), indicating some temperature sensitivity of the whir 3 allele. Mutant whir 3 flies developmentally expressing RA could not be tested due to their high degree of lethality. Also, results from (C) and (D) cannot be compared directly to each other because the rearing temperature affects ethanol-induced sedation; flies raised at the lower temperature are more resistant (compare whir 3 ,GAL80 ts
/+;UAS-GFP in [C] and [D]).
flies resulted in a worsening of the phenotype (i.e., a further increase in the ST 50 ) compared to the ''mutant control'' flies ( Figure 5D ). While we currently do not understand the reasons for the latter observation, our data show conclusively that RhoGAP18B-RC expression is not required during development but, rather, functions continuously in the adult fly to confer normal ethanol-induced sedation.
RhoGAP18B-RA Functions in Ethanol-Induced Hyperactivity
To determine whether the RA transcript-predicted to encode a RhoGAP that shares only the GTPase-activating domain with RC-is also involved in ethanol responsiveness, we asked whether expression of the RA cDNA would restore normal behavior to whir flies. As we did previously for RC ( Figures 5A and 5B ), we generated a UAS-RA transgene and asked whether it could rescue the sedation resistance of whir 3 males. Curiously, mutant males expressing RA (whir 3 ;UAS-RA) showed a significantly reduced viability compared to whir 3 males (17% and 31%, respectively; n > 150 for each class, p < 0.001, chi-square test); in addition, many RA-expressing escapers died early in adult life, precluding their behavioral testing. Thus, while RC expression rescued the reduced viability associated with whir 3 , expression of RA enhanced it.
To restrict RA expression to adult flies and overcome the lethality associated with its developmental expression, we utilized the TARGET system as described above. Specifically, we raised experimental flies (whir 3 ,GAL80 ts ;
UAS-RA) at 16 C and then shifted them to 29 C for 3 days (to allow RA expression) prior to testing in the LOR assay. The flies were resistant to the sedating effects of ethanol ( Figure 5C) (Figure 1 and Figure 2 ).
We noticed, however, an increase in ethanol-induced hyperactivity upon adult expression of the RA transcript and therefore tested these flies in the locomotor tracking system, which allows a precise quantification of walking speed (Wolf et al., 2002) . As shown in Figures 6A and  6B , adult overexpression of RA in wild-type flies (whir 3 /+, GAL80 ts ;UAS-RA) caused a significant increase in ethanol-induced hyperactivity compared to control flies overexpressing innocuous GFP (whir 3 /+,GAL80 ts ;UAS-GFP), quantified as the maximal hyperactivity achieved during the 30 min ethanol exposure ( Figure 6B ). In contrast, adult overexpression of the RC transcript (whir 3 /+,GAL80 ts ; and the temperature regimen was the same as described in Figure 5C (100/50 E/A). Figures 6C and 6D ).
UAS-RC) did not change ethanol-induced hyperactivity (
To further study the involvement of RhoGAP18B-RA in ethanol-induced hyperactivity, we generated an RNA interference construct, UAS-RA i , that would specifically downregulate the levels of the RA transcript ( Figure S6C ). Adult downregulation of RA (in whir 3 /+,GAL80 ts ;UAS-RA i flies) led to a reduction in ethanol-induced hyperactivity ( Figures 6A and 6B) , the opposite effect of that observed upon adult overexpression of RA. In summary, changes in RA expression, but not RC expression, in the adult affect the ability of the flies to respond to the stimulant effects of ethanol. Neither overexpression nor downregulation of RA caused changes in baseline locomotion or the extent of olfactory startle (observed in the first minute of ethanol exposure), implicating RA specifically in the sensitivity of flies to the locomotoractivating effects of ethanol. Because the behavioral effects observed upon altering RA transcript levels in all neurons (using the Nrv2-GAL4 or elav-GAL4 drivers; Figures S5 and S6) were essentially identical to those seen with more spatially restricted manipulations (using the whir 3 driver), we conclude that RA functions in the neurons identified by the whir 3 driver (Figure 4 ) to regulate the stimulant effects of ethanol.
DISCUSSION
Humans exhibit responses to ethanol that range from disinhibition and euphoria at low doses to motor uncoordination and stupor at higher doses. In animal models, including Drosophila, these distinct phases of ethanol intoxication can be modeled by measuring locomotor activity, which is enhanced by low-to-moderate ethanol doses (approximately 20 mM or 0.09%), and sedation, which occurs when internal ethanol levels approximate 45 mM (or 0.21%) (Scholz et al., 2000) . While the behavioral transition from locomotor stimulation to sedation happens gradually as flies absorb increasing concentrations of ethanol with time of exposure, the genetic control of these behavioral responses can be distinct . Here we describe the phenotypic and molecular characterization of the Drosophila white rabbit (whir) gene, encoding several distinct RhoGAPs, which plays a critical role in the regulation of ethanol-induced behaviors. Curiously, different RhoGAP18B transcripts, RA and RC, regulate the stimulant and sedating effects of ethanol, respectively.
GTPases of the Rho superfamily and their RhoGAP regulators have been shown in a variety of systems to play crucial roles in nervous-system development. whir mutant flies, however, appear to have normal brain structure and integrity. Consistent with this structural data is our finding that RhoGAP18B-RC and -RA are not required during development to properly set up the neural circuits necessary for ethanol-induced behaviors but, rather, function in the adult nervous system to regulate behavior. A role for Rho-type GTPases in the mature nervous system is increasingly being recognized. For example, p190 RhoGAP has been implicated in fear conditioning in rats by regulating the activity of the downstream kinase ROCK in the amygdala (Lamprecht et al., 2002) . In our behavioral paradigms, ethanol-induced hyperactivity and sedation develop over a period of 10-30 min of drug exposure. It is therefore possible that some form of neural plasticitysuch as the development of acute functional tolerance (defined as tolerance that develops within a single ethanol exposure)-modulates the extent of the behavioral response. The ability of Rho GTPases (and the molecules, such as RhoGAPs, that affect their activity) to dynamically regulate the actin cytoskeleton and, consequently, the reorganization of axonal and dendritic branches (Bonhoeffer and Yuste, 2002; Luo, 2002) makes them ideally suited to regulate synaptic plasticity and behavior. Indeed, several Rho GTPase effectors have been implicated in learning and memory in rodent models (Meng et al., 2002; Dash et al., 2004) and mental retardation in humans (Ramakers, 2002; Calabrese et al., 2006) , although the exact temporal requirements for these functions have not been established.
In the Drosophila nervous system, Rho1 has been implicated in axon stability, neuroblast proliferation, and dendrite morphogenesis (Lee et al., 2000; Billuart et al., 2001) , while Rac has been shown to participate in axon growth, guidance, branching, and connectivity . The whir ethanol-sedation defect was substantially suppressed by reducing the gene dose of Rho1 and possibly Rac. In addition, constitutively active Rho1 or Rac1 mirrored the whir loss-of-function phenotype, suggesting that RhoGAP18B acts through Rho1 and Rac in vivo to regulate ethanol sedation. In vitro, the RhoGAP18B GAP domain acted on mammalian Rac1 and Cdc42, but not RhoA, to enhance their GTPase activity. We were unable to test full-length RhoGAP18B-PC protein, as it was insoluble. Possibly, the PC protein could activate RhoA/Rho1's GTPase activity, as suggested by our genetic data. Alternatively, posttranslational regulation of RhoGAP18B proteins in vivo-e.g., by phosphorylation or phospholipid binding-could confer activity toward Rho1. Both such regulations have been shown to alter RhoGAP specificity (Minoshima et al., 2003; Ligeti et al., 2004) . Curiously, a mutant RhoGAP18B-PC protein in which the catalytic arginine finger was substituted for alanine was still able to partially rescue the whir 3 sedation defect ( Figure S4B ); however, a GAP domain containing this mutation also retained substantial GTPase activating capacity (Figure S4C) . Thus, the exact biochemical properties and specificities of the different RhoGAP18B isoforms remain to be elucidated. How could these varied developmental and behavioral processes all require Rho1 and/or Rac? Specificity may be entailed through regulation of GTPase activity by the distinct RhoGAPs and/or their counteracting RhoGEFs. Consistent with the notion that GTPase regulation is important for specific GTPase effects is the finding that the Drosophila genome, while encoding only 7 Rho-type GTPases (Johndrow et al., 2004) , encodes approximately 21 RhoGAPs and 23 RhoGEF proteins (Schmidt and Hall, 2002; Bernards, 2003) . Thus, while Rho1's function in axon stability is regulated by p190 RhoGAP (Lee et al., 2000) , its role in ethanol-induced sedation appears to be regulated by RhoGAP18B. Further evidence that differential regulation is key to in the multifaceted activities of Rho GTPases comes from our findings that the RhoGAP18B-RC and -RA transcripts are involved in distinct aspects of the behavioral response to ethanol. The whir locus encodes three RhoGAP proteins that differ substantially in their N termini while sharing the C-terminal GTPase-activating domain. We show that PA and PC have opposing effects on ethanol sensitivity and viability. Since all whir phenotypes are associated with RhoGAP18B function in whir 3 -GAL4 expressing cells, it is possible that the PA and PC proteins act in the same cells to regulate Rho GTPase activity in distinct ways. The divergent N termini of PA (176 amino acids) and PC (1025 amino acids) may be involved in differential activation of upstream pathways and/or competition for Rho1 regulation; they could also activate distinct GTPases and thereby regulate different downstream processes. Alternative splicing of RhoGAP transcripts is not uncommon (Richnau and Aspenstrom, 2001; Furuta et al., 2002) . For example, the neuronally expressed rat chimerin 1 exists in two forms that differ in their expression pattern in the brain and their subcellular localization (Hall et al., 2001) . Thus, alternative splicing of RhoGAPs in flies and mammalian systems appears to be a mechanism used to generate a large number of functionally distinct regulators of Rho-type GTPases, which in turn regulate diverse cellular processes. How could changes in the function of small GTPases affect ethanol-induced behaviors? One possibility is that ethanol may directly affect the organization of the cytoskeleton. Indeed, recent evidence shows that ethanol has actin-remodeling activity in cultured cerebellar neurons, an activity that requires Eps8, a known regulator of actin dynamics (Di Fiore and Scita, 2002) . Interestingly, Eps8 knockout mice show behavioral resistance to ethanol (Offenhä user et al., 2006 [this issue of Cell] ). Alterations in the actin cytoskeleton can also affect the clustering of neurotransmitter receptors. For example, the destruction of actin fibers with latrunculin results in a rundown of GABA(A) receptor currents in cultured hippocampal neurons, and the concomitant loss of receptor clusters is enhanced by loss of Rac1 (Meyer et al., 2000) . These data show that small Rho-type GTPases are involved in regulation of the GABA(A) receptor, which is known to mediate the sedating effects of ethanol. In addition to these postsynaptic effects, Rho GTPases have been shown to regulate neurotransmitter release in C. elegans (McMullan et al., 2006) and Aplysia (Humeau et al., 2002) . It is therefore possible that, in conditions of impaired function of small GTPases (as in our whir mutants), abnormal actin dynamics lead to abnormal receptor clustering and/or neurotransmitter release and, consequently, altered behavior. The bidirectional regulation of ethanol sensitivity observed upon expression of overactive and inhibitory Rac transgenes argues against a nonspecific effect of manipulating GTPase activity and suggests that the cellular processes regulated by Rac and Rho in the adult fly play a relatively direct role in the behavioral phenotype. A further argument for specificity derives from the finding that manipulations of Rho and Rac activity lead to phenotypes opposite to those observed with equivalent alterations in Cdc42 function. Regardless of the exact mechanisms underlying these distinct effects, our data clearly show that Rho-type GTPases are intimately involved in the regulation of behavioral responses to ethanol exposure, thus implicating actin dynamics in the process.
EXPERIMENTAL PROCEDURES

Fly Stocks and Genetics
Flies were grown and kept on standard cornmeal/agar medium at 25
C. The genetic screen was carried out in the w Berlin wild-type background with the P{GawB} element (Brand et al., 1994) and will be described in detail elsewhere (A.R. and U.H., unpublished data). We isolated two alleles (whir 2 and whir 6 ) due to their resistance to ethanol-induced sedation in the locomotor tracking system, three additional alleles due to their resistance to nicotine (whir 1 , whir 4 , and whir 5 ), and three alleles due to their resistance to cocaine (EP1326, EP1439, and EP1621; not characterized further). All alleles showed strong resistance to ethanol-induced sedation, and the P element insertions cluster near the whir 1 and whir 2 insertion sites. Additional alleles were obtained from the Japanese NP consortium (GETDB lines, including whir 3 = NP1514). All insertions were outcrossed to both w Berlin and w Canton-S strains for five generations to remove unlinked modifiers and homogenize the genetic background. Other than Figure 1A and Figure 3 (see below), all experiments were conducted in the w Berlin background. Precise excisions were carried out in dysgenic females, and imprecise excisions in dysgenic males, utilizing the {D2-3} Dr jump-starter chromosome (Robertson et al., 1988) . All transgenes were injected into w Berlin flies. The following mutant GTPase alleles were obtained from the Bloomington Drosophila Stock Center:
. In all experiments, the genetic background in experimental and control flies was essentially identical (w Berlin), with the exception of experiments involving Rho/Rac/Cdc42 strains, where the experimental and control flies were in the same hybrid genetic background (Canton-S/unknown or Berlin/unknown; the only difference between experimental and control flies being the chromosome carrying the GTPase mutation). The Rac2 D Mtl D Rac1 J10 stock consistently suppressed the whir 1 sedation defect ( Figure 3B ), while the Rac2
J11 stock suppressed sedation in some experiments, but not in others. In addition, the latter stock showed sensitivity in a wild-type background (which may be expected from loss of Rac function), thus precluding any conclusions regarding specific genetic interactions between Rac and whir.
Behavior Locomotion video tracking was performed as described (Wolf et al., 2002) . Twenty flies per tube were exposed to ethanol vapor. The LOR of ethanol-exposed flies was measured during the ethanol exposure every 5 min by lightly tapping the tube and then counting the flies unable to right themselves. The experimenter was blinded to the flies' genotype in all experiments. The time to 50% LOR was calculated for each exposure tube by linear interpolation of the two time points around the median and then averaged over the number of tubes (experiments). Hyperactivity was quantified by averaging the three successive time points with the highest locomotion speed for each experiment and then averaging that number over replicate experiments. The data shown in most behavior figures were collected from assays performed on a single day, to eliminate day-to-day variability. However, all experiments were repeated on multiple days, with essentially identical results. Experiments shown in Figures 6A and 6B were pooled from 3 days due to low number of flies and exposure tubes on each day. Statistical analyses were performed in STATISTICA (StatSoft, Tulsa, OK, USA), and the specific tests used are indicated in the text and/or figure legends.
Immunohistochemistry
Immunocytochemistry was performed essentially as described (Marin et al., 2002) . GFP fluorescence was visualized directly, and the neuropil was stained with the nc82 monoclonal antibody (Laissue et al., 1999) .
Molecular Biology
Standard molecular techniques were utilized for the generation of constructs and RNA analysis (Sambrook et al., 2001 and cloned into pWIZ (Lee and Carthew, 2003) .
Biochemistry
A fragment of RhoGAP18B-PA from amino acids 222-466 was cloned into the GST expression vector pDest15 via pENTR (Invitrogen, Carlsbad, CA, USA). This fragment contains the GAP domain (291-456) and corresponds to the fragment of p50 RhoGAP that was expressed to obtain X-ray structure data (Barrett et al., 1997) . 0.4 mg of purified GST-GAP domain was added to human GTPases (BK105 kit, Cytoskeleton, Denver), and inorganic phosphate production was measured after 10 min according to the manufacturer's specifications. 
Supplemental Data
Accession Numbers
The GenBank accession numbers for RhoGAP18B-RB, -RD, and -RC are DQ486141-DQ486143.
